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We describe and analyze a hybrid approach to scalable quantum computation based on an opti-
cally connected network of few-qubit quantum registers. We show that two-qubit quantum registers,
connected by probabilistic entanglement generation, suffice for scalable, deterministic quantum com-
putation. We then show that with additional three qubits per register, robust non-local quantum
operations can be implemented, even when state preparation, measurement, and entanglement gen-
eration all have substantial errors. Finally, we discuss requirements for achieving fault-tolerant
operation for specific implementations of our approach.
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The key challenge in experimental quantum informa-
tion science is to identify isolated quantum mechanical
systems with good coherence properties that can be ma-
nipulated and coupled together in a scalable fashion.
Substantial progress has been made towards the phys-
ical implementation of few-qubit quantum registers us-
ing systems of coupled trapped ions [1, 2], superconduct-
ing islands [3, 4], and solid-state qubits based on elec-
tronic spins in semiconductors and color centers in di-
amond [5, 6, 7, 8, 9]. While the precise manipulation
of large, multi-qubit systems still remains an outstand-
ing challenge, various approaches for connecting such few
qubit registers into large scale circuits are currently be-
ing explored both theoretically [10, 11, 12, 13, 14] and
experimentally [15, 16]. Of specific importance are ap-
proaches which can yield fault-tolerant operations with
minimal resources and realistic (high) error rates.
In this Letter, we investigate a minimal resource ap-
proach to quantum computation based on an optically
connected network [10] of quantum registers. Our ap-
proach uses quantum registers composed of a few quan-
tum bits which can be manipulated with high-fidelity lo-
cal unitary gates and connected using techniques that
are currently explored for quantum communication [17,
18, 19]. Specifically, we show that even if connections
among different registers are established by probabilis-
tic quantum entanglement generation [19, 20], determin-
istic, scalable quantum computation can be performed
with only two qubits per register, via teleportation based
operations [11, 21, 22, 23, 24, 25, 26, 27]. Additional im-
portant sources of imperfections, such as imperfect ini-
tialization, measurement errors for individual qubits in
each quantum register, and entanglement generation er-
rors between registers, can be corrected with a modest
increase in register size. We determine that with just
three additional auxiliary qubits and high-fidelity local
unitary operations, all these errors can be efficiently sup-
pressed by bit-verification and entanglement purification








FIG. 1: Distributed quantum computer based on many quan-
tum registers. Each register has five physical qubits, including
one communication qubit (c), one storage qubit (s), and three
auxiliary qubits (a1,2,3). Qubits from the same register can
be manipulated with high fidelity via local optical and mi-
crowave control. Entanglement between remote registers can
be generated probabilistically.
tum computation was first proposed in Ref. [11]. Here
we consider a qubit network where this approach can be
implemented with minimal resources. We further extend
the analysis to include errors in measurements and initial-
ization as well as consider specific physical systems where
these ideas may be implemented. Finally, we perform a
detailed study of the time and local error overhead re-
quired to achieve fault-tolerant, deterministic operations
using probabilistically connected registers.
In this work, a quantum register is a few-qubit de-
vice that contains one communication qubit, one storage
qubit, and some auxiliary qubits. The communication
qubit is used to couple to other registers. The storage
and auxiliary qubits should have long coherence times,
and high-fidelity unitary operations between the qubits
within a register are necessary. To connect the registers
we will rely upon (imperfect) probabilistic entanglement
generation between communication qubits [19, 20]. Be-
low we shall analyze quantum computers based on such
registers in the presence of errors: initialization of the
communication qubit has probability pI to prepare the
wrong, orthogonal state; direct measurement of the com-
munication qubit has probability pM to give the wrong
2outcome; and the raw entanglement generated between
two communication qubits has finite fidelity F associated
with depolarizing or dephasing error. Finally, local uni-
tary operation fails with a probability pL.
In practice a quantum register can be any small scale
quantum information processor, which can be connected
to light. A specific example could be a small ion trap
quantum computer, where good fidelity of the local op-
erations (pL . 3% [2]) has already been demonstrated,
as well as the first steps towards entanglement genera-
tion between different traps [28]. A second promising
avenue is single nitrogen-vacancy (NV) centers in di-
amond [6, 7, 8, 9]. In this system the electron spin
from the NV center can play the role of the communi-
cation qubit, while the proximal nuclear spins provide
good storage/auxiliary qubits, with long coherence times
and reliable control from microwave and radio frequency
pulses using well developed techniques in NMR [29]. For
both systems, extremely long coherence times have been
demonstrated [9, 30]. We make the restrictive assump-
tion that we can initialize and measure only the commu-
nication qubit (appropriate for NV centers); other qubits
will be initialized and measured by the techniques devel-
oped below.
The simplest quantum register for scalable quantum
computation needs only two qubits: one for storage and
the other for communication. Entanglement between two
remote registers may be generated using probabilistic ap-
proaches from quantum communication ([19] and refer-
ences therein). In general, such entanglement genera-
tion produces a Bell state of the communication qubits
from different registers, conditioned on certain measure-
ment outcomes. These approaches automatically purify
against certain errors such as photon-loss and detector
inefficiencies. If state generation fails, it can be re-
attempted until success, with an exponentially decreasing
chance of continued failure.
When the communication qubits (c1 and c2) are
prepared in the Bell state |Φ+〉c1,c2 = (|00〉c1,c2 +
|11〉c1,c2)/
√
2, we can immediately perform the well
known remote C-NOT gate [21, 22, 23, 24, 25,
26, 27] on the storage qubits (s1 and s2) us-
ing the gate-teleportation circuit between registers









)mc1 Cˆs1,s2 |φ〉s1,s2 , where Mˆαi measures the
ith qubit in the α = x, y or z-basis, Cˆij is the C-NOT gate
with the ith qubit as control and the jth qubit as target,
|φ〉s1,s2 is the unknown state on which we want to apply
C-NOT, and mc1 ,mc2 = 0, 1 are the outcomes from the
measurements Mˆzc1 , Mˆ
x
c2. The error probability in this
circuit is of order pCNOT ∼ (1− F ) + 2pL + 2pM . Since
operations on a single qubit may be performed within a
register, the C-NOT operation between different quan-












































FIG. 2: Circuits for robust operations. (a) Robust measure-
ment of the auxiliary/storage qubit, a/s, based on majority
vote from 2m + 1 outcomes of the communication qubit, c.
Robust measurement is denoted by the box shown in the up-
per left corner. (b)(c) Using entanglement pumping to cre-
ate high fidelity entangled pairs between two registers Ri and
Rj . If the two outcomes are the same, it is a successful step of
pumping; otherwise generate new pairs and restart the pump-
ing operation from the beginning. The two circuits are for the
first level pumping and the second level pumping, purifying
bit- and phase-errors, respectively.
In practice, the probability of error in the measure-
ment, initialization, and entanglement generation might
be fairly high (∼ 10%), due to practical limitations such
as finite collection efficiency and poor interferometric sta-
bility. In contrast, local unitary operations may fail infre-
quently (pL . 10
−4) when quantum control techniques
for small quantum system are utilized [2, 29]. We now
show that, with additional three auxiliary qubits per reg-
ister and high-fidelity local operations, robust initializa-
tion, measurement, and entanglement generation are pos-
sible thereby reducing the sensitivity to imperfections in
these processes.
Robust measurement can be implemented by bit-
verification: a majority vote among the measurement
outcomes (Fig. 2a), following a sequence of C-NOT oper-
ations between the auxiliary/storage qubit and the com-
munication qubit. This also allows robust initialization.
High-fidelity robust entanglement generation is achieved
via entanglement purification [11, 17, 18] (Fig. 2b), in
which lower fidelity entanglement between the commu-
nication qubits is used to purify entanglement between
the auxiliary qubits, which can then be used for the re-
mote C-NOT operation. To make the most efficient use
of physical qubits, we apply the technique of two-level
”entanglement pumping” [17, 18]. Our circuit (Fig. 2b)
uses raw Bell pairs to repeatedly purify (“pump”) against
bit-errors, then the bit-purified Bell pairs are used to re-
peatedly purify against phase-errors (Fig. 2c).
Entanglement pumping, like entanglement generation,
is probabilistic; however, failures are detected. Still, in
computation, where each logical gate should be com-
pleted within the allocated time (clock cycle), failed en-
3tanglement pumping can lead to gate failure. To demon-
strate the feasibility of our approach for quantum compu-
tation, we next analyze the time required for robust ini-
tialization, measurement and entanglement generation,
and show that the failure probability for these procedures
can be made sufficiently small with reasonable time over-
head.
The measurement circuit shown in Fig. 2a yields the
correct result based on majority vote from 2m+1 consec-
utive readouts (bit-verification). Since the local C-NOT
gate does not propagate bit-flip error from communica-
tion qubit to auxiliary qubit, the measurement of Z op-
erator of the communication qubit can be repeated many






(pI + pM )
m+1
+ (2m+ 1) pL. (1)
For example, with pI = pM = 5% and pL = 10
−4, we
need m = 5 to achieve ε˜M ≈ 0.14%. For convenience
of discussion, we will add ε˜M to the list of imperfec-
tion parameters, along with (1− F, pI , pM , pL). The time
needed for robust measurement is
t˜M = (2m+ 1) (tI + tL + tM ) . (2)
We now use robust measurement and entanglement
generation to perform entanglement pumping [17, 18].
Suppose the raw Bell pairs have initial fidelity F =
〈|Φ+〉〈Φ+|〉 due to depolarizing error. We apply two-level
entanglement pumping. The first level has nb steps of
bit-error pumping using raw Bell pairs (Fig. 2b) to pro-
duce a bit-error purified entangled pair. The second level
uses these bit-error purified pairs for np steps of phase-
error pumping (Fig. 2c). The overall success probability
can be defined as the joint probability that all successive
steps succeed. We use the model of finite-state Markov
chain [31] to directly calculate the failure probability of
(nb, np)-two-level entanglement pumping using Ntot raw
Bell pairs, denoted as ε
(nb,np)
E,fail (Ntot).
For successful purification, the infidelity of the purified
pair, ε
(nb,np)
E , depends on both the control parameters
(nb, np) and the imperfection parameters. For depolariz-







4 + 2 (nb + np)
3
(1− F ) ε˜M
+ (np + 1)
(





(nb + 1) (1− F )
3
)np+1
to the leading order of pL and ε˜M . This indicates that for
small pL and ε˜M , the dependence on the initial infidelity
1 − F is exponentially suppressed at a cost of a linear
increase of error associated with local operations.
The total error probability is bounded by the sum of
the failure probability and the infidelity. For a given
set of imperfection parameters and Ntot, we minimize























FIG. 3: Plots of the minimized total error probability (includ-
ing both infidelity and failure, Eq. (3)), log
10
ε˜∗E, verse the
total time (in units of average number of raw Bell pairs), t =
〈Ntot〉, for direct (black thick dashed lines) and robust (red
thick solid lines) entanglement generations. The curves are







changes with Ntot. Imperfection parameters
are (1− F, pI , pM , pL, ε˜M ) =
`
10%, 5%, 5%, 10−4, 0.14%
´
. (a)
Raw Bell pairs have 10% depolarizing error, purified by two-
level entanglement pumping. (b) Raw Bell pairs have 10%
dephasing error, purified by one-level pumping.


















In Fig. 3a, we plot the minimized total error proba-
bility ε˜∗E (Ntot). Note that the curves are not smooth,





changes with Ntot. In addition, since both the
initial infidelity and the failure probability can be ex-
ponentially suppressed, for sufficiently large Ntot, er-
rors from local operations dominate: ε˜∗E ≈ neff × pL.
Here, neff is a measure of error overhead from the lo-
cal operations to correct non-local errors. For example,
we find numerically that, for imperfection parameters
(1− F, pI , pM , pL, ε˜M ) =
(
10%, 5%, 5%, 10−4, 0.14%
)






= (2, 3) and neff ≈ 20. The to-
tal time for robust entanglement generation t˜E is propor-
tional to the average number of raw Bell pairs generated
〈Ntot〉:
t˜E ≈ 〈Ntot〉 ×
(
tE + tL + t˜M
)
. (4)
This time t˜E and the error probability ε˜
∗
E will determine
the performance of the non-local C-NOT operation used
between registers.
We remark that a faster and less resource intensive
approach may be used if the unpurified Bell pair is domi-
nated by dephasing error. Then, one-level pumping may
be sufficient (i.e. no bit-error purification, nb = 0 ). For
example, for the same imperfection parameters as above






= (0, 3) and neff ≈ 12. The
numerical simulations are plotted in Fig. 3b.
We next consider the register-based quantum com-
puter design in the context of a conventional circuit
model of a quantum computer [32, 33]. While our spe-
cific approach has a few nearby qubits with good local
4operations and only noisy operations between different
registers, the conventional model has similarly good op-
erations allowed between any pair of qubits. We can
map our approach to this conventional model by bound-
ing all of our operations with some error probability p0
and characteristic “clock cycle” time tC . Since the com-
bination of local unitary operations and robust initial-
ization/measurement/entanglement generation are suf-
ficient for universal quantum computation, their error
probabilities and operational times determine p0 and tC ,
respectively. We estimate
p0 = max {pL, ε˜I , ε˜M , ε˜∗E} ≈ neffpL (5)
tC = max
{
tL, t˜I , t˜M , t˜E
} ≈ Ntot (tE + tL + t˜M) (6)
Thus, even with noisy inter-register communications, our
quantum register approach requires a small overhead of
order neff (∼ 20) in gate error rates andNtot in operation
time.
We conclude with some practical considerations. If
entanglement generation and measurement are both per-
formed optically, the total efficiency of photon collection
and detection η and the radiative lifetime of the optical
excitation τ determine both tM (∼ τ/η) and tE . Both
τ and η can be improved by coupling each communi-
cation qubit to a low-Q optical cavity [34, 35] via the
Purcell effect (Fig. 1a). If the efficiency η is low, we
may choose entanglement generation schemes based on
detection of one photon (single-photon schemes) (Ref.
[19] and references therein), which generate entangled
pairs faster tE ∼ τ(1−F )η but without intrinsic purifica-
tion against logical errors. Thus, two-level pumping is
needed for single-photon schemes. For radiative life time
τ = 10 ns, local gate speed tL = 1 µ s, efficiency η = 1%,
and imperfection parameters the same as above, one can
achieve ”clock cycle” time tC ≃ t˜E ≃ 3 ms, with an ef-
fective error probability p0 ≃ 0.5%. In contrast, with rel-
atively good cavities, we can consider a fairly high total
efficiency (η ∼ 10%), such that we can use the entan-
glement generation scheme conditioned on detection of
two photons (coincidence scheme) [20], which takes time
tE ∼ τ/η2 for each raw entangled pair. Such coincidence
schemes may intrinsically purify bit-errors of the raw en-
tangled pair, leaving only phase-errors to be purified by
our entanglement pumping circuit. Therefore, one-level
pumping is sufficient for the coincidence scheme, further
reducing the time overhead. For good total efficiency
η ≈ 10% and other parameters the same as above, one
can achieve ”clock cycle” time tC ≃ t˜E ≃ 400µs with
small error probability p0 ≃ 0.3%. We remark that for
these schemes to be effective, tC should be much shorter
than the memory time of the storage qubit, tmem. This
is the case for both trapped ions (where tmem ∼ 10s has
been demonstrated [30]), as well as for proximal nuclear
spins of NV centers (where tmem approaching a second
can be inferred [9]).
The proposed hybrid architecture suggests an efficient
design for distributed quantum computation with op-
tically coupled few-qubit quantum registers. With a
reasonable overhead in operational time and gate error
probabilities, the design of distributed quantum compu-
tation with optically coupled quantum registers enables
the reduction of an experimental challenge of building a
thousand-qubit quantum computer into a more feasible
task of optically coupling five-qubit quantum registers.
While all results of fault tolerant (FT) quantum compu-
tation [36] are directly applicable for this hybrid design
of quantum computer, there may exist more efficient ap-
proaches to achieve fault tolerance. For example, it might
be possible to prepare FT logical states more efficiently,
by using special operations from the present approach,
such as partial measurements in the Bell basis. Likewise,
one can consider efficient implementation of FT quantum
computation using cluster state [37, 38] combined with
few-qubit registers. Finally, one can envision approaches
to systematically optimize such implementations, using,
e.g., dynamic programming [39].
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